The isoscalar monopole response has been measured in the unstable nucleus 68 Ni using inelastic alpha scattering at 50A MeV in inverse kinematics with the active target MAYA at GANIL. The isoscalar giant monopole resonance (ISGMR) centroid was determined to be 21.1 AE 1.9 MeV and indications for a soft monopole mode are provided for the first time at 12.9 AE 1.0 MeV. Analysis of the corresponding angular distributions using distorted-wave-born approximation with random-phase approximation transition densities indicates that the L ¼ 0 multipolarity dominates the cross section for the ISGMR and significantly contributes to the low-energy mode. The L ¼ 0 part of this low-energy mode, the soft monopole mode, is dominated by neutron excitations. This demonstrates the relevance of inelastic alpha scattering in inverse kinematics in order to probe both the ISGMR and isoscalar soft modes in neutron-rich nuclei. Measurements in exotic nuclei have yielded an abundance of new information in recent years. For instance, a more general view on magicity has emerged in the past decade [1] . It has also been suggested that measurements of giant resonances in exotic nuclei could help clarify another important problem related to nuclear incompressibility [2]: despite significant progress in our understanding of the nuclear incompressibility, one cannot converge towards a value that is more accurate than the 10%-20% level. In other words, it seems difficult to single out an energy density functional that can give a comprehensive description of the ISGMR, especially in keeping with new data on isotopic chains including open-shell systems and on neutron-rich nuclei [3] [4] [5] [6] . This can be seen in the recent theoretical works on the subject [7] [8] [9] [10] [11] [12] . The measurement of the ISGMR in exotic neutron-rich nuclei is, therefore, of paramount importance. Such measurements in exotic nuclei would significantly improve our understanding of nuclear incompressibility as was the case for nuclear magicity in the past decade. In addition, a soft monopole mode has been predicted around 14 MeV in neutron-rich nuclei by several relativistic and nonrelativistic models [13] [14] [15] , but it has never been observed, due to the difficulty in measuring the monopole response in nuclei far from stability. The soft monopole mode is predicted to be noncollective and its observation could bring valuable information on spin-orbit splitting [16] . It is therefore essential to measure the isoscalar (in-phase motion of protons and neutrons) monopole response in neutron-rich nuclei.
Measurements in exotic nuclei have yielded an abundance of new information in recent years. For instance, a more general view on magicity has emerged in the past decade [1] . It has also been suggested that measurements of giant resonances in exotic nuclei could help clarify another important problem related to nuclear incompressibility [2] : despite significant progress in our understanding of the nuclear incompressibility, one cannot converge towards a value that is more accurate than the 10%-20% level. In other words, it seems difficult to single out an energy density functional that can give a comprehensive description of the ISGMR, especially in keeping with new data on isotopic chains including open-shell systems and on neutron-rich nuclei [3] [4] [5] [6] . This can be seen in the recent theoretical works on the subject [7] [8] [9] [10] [11] [12] . The measurement of the ISGMR in exotic neutron-rich nuclei is, therefore, of paramount importance. Such measurements in exotic nuclei would significantly improve our understanding of nuclear incompressibility as was the case for nuclear magicity in the past decade. In addition, a soft monopole mode has been predicted around 14 MeV in neutron-rich nuclei by several relativistic and nonrelativistic models [13] [14] [15] , but it has never been observed, due to the difficulty in measuring the monopole response in nuclei far from stability. The soft monopole mode is predicted to be noncollective and its observation could bring valuable information on spin-orbit splitting [16] . It is therefore essential to measure the isoscalar (in-phase motion of protons and neutrons) monopole response in neutron-rich nuclei.
The measurement of giant resonances in unstable nuclei is a particularly challenging task and has, until now, been mainly limited to the isovector (protons and neutrons out of phase) giant dipole resonance in neutron-rich radioactive O, Ne, Sn isotopes, and in 68 Ni [17] . Such measurements provided the first evidence for soft isovector dipole modes in unstable nuclei. These modes are often reanalyzed, showing a nontrivial pattern, departing from the simple pygmy resonance picture of a soft oscillation of a neutron skin around a proton-neutron core as they can have mixed isovector and isoscalar components [18] . In the case of the isoscalar response, only one measurement has thus far been performed on an unstable nucleus. The N ¼ Z nucleus 56 Ni, demonstrated a behavior of the monopole and quadrupole responses similar to neighbouring stable nuclei such as 58 Ni [4] . Evidence for a soft isovector dipole strength in 68 Ni [19, 20] , the prediction of a soft monopole strength in neutron-rich nuclei [14] , as well as the possibility for a strong isoscalar component of the soft dipole mode [18] , set 68 Ni at the center of interest to measuring the isoscalar response in neutron-rich nuclei.
The best probe for the investigation of the ISGMR is inelastic alpha or deuteron scattering at energies of a few hundred MeV [2] . Due to the higher cross section [2] of the 68 Niðα; α 0 Þ 68 Ni Ã reaction and the absence of unwanted background due to deuteron breakup, the alpha probe is more suited. However, the kinematics of the 68 Niðα; α 0 Þ 68 Ni Ã reaction is such that the recoiling alpha has less energy than a recoiling deuteron, and as a consequence is more difficult to detect. Only one experiment, using a deuteron probe, has been performed for unstable nuclei up to now, due to the difficult experimental conditions inherent to the use of a radioactive beam [4] . The ISGMR cross section is peaked at 0°in the center-of-mass (c.m.) frame, which corresponds to very low energies of the recoiling particle in the laboratory frame. In order to cover the excitation energy range from 0 to 30 MeV, between 0°and 8°in the c.m. frame, it is necessary to measure recoiling alpha particles with energies between 300 keVand 4 MeVat angles from 0°to 90°in the laboratory frame. This experimental challenge can not be met with a standard target and recoiling-particle telescopes due to their relatively high energy detection thresholds and energy straggling in the target. An active target, where a gas volume is used as both a thick reaction target and as the detector itself, provides an increase of more than two orders of magnitude on the number of scattering atoms compared to a standard solid target, while minimizing straggling effects. In this Letter, we report on the first inelastic alpha scattering measurement of the isoscalar monopole response for an unstable neutron-rich nucleus, 68 Ni. A secondary 68 Ni beam at 50A MeV was produced at the GANIL facility from the fragmentation of a 70 Zn primary beam at 62.3A MeV on a 29 mg=cm 2 9 Be target and located at the entrance of the LISE [21] spectrometer. A 560 μm achromatic degrader was used for purification. The average beam intensity of 68 Ni was 4 × 10 4 pps with a purity of 75% AE 6%. With respect to the experimental constraints mentioned above an active target is the key to measuring the isoscalar monopole response in unstable nuclei. The active target MAYA, developed at GANIL [22] for nuclear physics experiments, is a time projection chamber (TPC) with an active volume of a 28 × 25× 20 cm 3 . Electrons produced from the ionization of the gas by charged particles traversing its volume drift in an applied electric field to a set of 32 amplification wires that are parallel to the beam direction. For a two-body reaction, scattered and recoiling particles are in a plane which can be determined using the drift time required by the electrons to reach the wires. The avalanches on the wires induce signals on a matrix of 32 × 32 hexagonal pads connected to GASSIPLEX [22] chips. MAYA was filled with He gas, at a pressure of 500 mbar (with 5% CF 4 used as a quenching gas) and was positioned at the end of the LISE beam line. An electrostatic mask [23] was placed below the beam trajectory in MAYA. The role of this mask was to reduce the charges due to the highly-ionizing beam particles in comparison to those induced by the recoiling particles, thus effectively increasing the dynamic range. For normalization purposes, the incident beam intensity was measured by recording the number of counts recorded on the central wire.
For each event, two physical observables are required to reconstruct the kinematics of the reaction: the energy and the angle of the recoiling alpha particle in the laboratory frame. The projected recoil angle in the horizontal plane is reconstructed using the "global fitting method" described in [24] , in which a straight-line trajectory is determined by minimizing the orthogonal distance of the center of the pads weighted by their charge to the line. The intersection of the trajectories of the alpha particle and the beam particle determines the vertex of the reaction projected on the pad plane. Between this vertex and the end of the recoil track, all charges are projected on the direction of the recoil trajectory, thereby defining the position of the Bragg peak and thus the range in two dimensions. The third dimension is deduced from the drift times of the electrons towards the anode wires. The recoil angle with respect to the beam axis and the range in the He gas are thus determined on an eventby-event basis. The energy of the alpha particle is deduced from its range in the gas [25] . A reliable trajectory reconstruction is achieved for alpha particles having energies higher than 600 keV. The three dimensional reconstruction of scattering trajectories in MAYA provides the kinematics of the 68 Niðα; α 0 Þ reaction as shown in Fig. 1(a) . The data were then transformed into the c.m. frame using two-body relativistic kinematics and corrected for geometrical and reconstruction, including the detection part, efficiencies of the detector [ Fig. 1(b) ]. These efficiencies were deduced by simulation using the GEANT4-based [26] ACTARsim package. This package has been validated using detailed comparisons between simulated and measured alpha particle trajectories [27] . The corresponding projected excitation-energy spectrum of 68 Ni is displayed in Fig. 2 . This spectrum displays a peak centered at 0 MeV corresponding to elastic scattering and to inelastic scattering to low-lying states. For the elastic peak, the missing mass resolution FWHM is 2 MeV. This is dominated by uncertainties associated with the trajectory reconstruction. At energies between 12 and 30 MeV, peaks in the excitation-energy spectrum point towards the presence of several isoscalar modes. As expected, the relative strength of the observed isoscalar modes strongly depends on the scattering angle. Figure 2 displays the excitation-energy spectrum for all angles (a) and at θ c:m: ¼ 5.5°(b), highlighting the emergence of a low-energy mode at ∼13 MeV.
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The data analysis was first performed by fitting the excitation energy spectra at different angles below θ c:m: ¼ 9°, with the flat background and four Lorentzians corresponding to the observed peaks around 13, 16, 21, and 26 MeV, respectively. The widths of the Lorentzians were left free in the fit. With this method we have identified three resonances at 12.9 AE 1.0, 15.9 AE 1.3, and 21.1 AE 1.9 MeV with a width of 1.2 AE 0.4, 2.3 AE 1.0, and 1.3 AE 1.0 MeV, respectively. Above 23 MeV, the broad dotted distribution corresponds to additional multipolarities such as L ¼ 0; 1; 3, and to the well-known fragmentation of giant resonances in these medium-mass nuclei [2, 28] . Considering the present statistics, it is not relevant to attempt an analysis of this highenergy part of the spectrum which is already difficult to interpret in the case of stable nuclei and high statistics. [29] . Real and imaginary diagonal and transition potentials were determined semimicroscopically with the code DFPOT [30] using the single-folding model and calculated 68 Ni densities and a Gaussian alpha-nucleon interaction. The parameters of the alpha-nucleon interaction were obtained by fitting the 64 Niðα; αÞ elastic scattering data at 43A MeV [31] . Transition densities for 68 Ni were calculated with microscopic random-phase approximation (RPA) [32] , they were obtained self consistently from the same Skyrme functional as in the Hartree-Fock calculation, namely the SkI2 (K ∞ ¼ 241 MeV) [33] interaction.
To check the consistency of these results, another independent analysis was performed using the multipoledecomposition analysis (MDA). The transition potentials were calculated using the same procedure as described above in the Lorentzian method. Theoretical angular distributions have been extracted from the DWBA calculations for thirteen excitation-energy intervals in steps of 2 MeV and for isoscalar L ¼ 0, L ¼ 1 and L ¼ 2 excitations. After the background subtraction, experimental angular distributions were extracted for these excitationenergy intervals in steps of 2 MeV and were fitted using a linear combination of these theoretical distributions. The coefficient for the L ¼ 0 contribution in this fit provides access to the isoscalar monopole strength in the 68 Ni excitation and this is displayed in Fig. 4 . Due to a nonnegligible uncertainty on normalization, large uncertainties are obtained on the absolute value of the exhausted fraction of the EWSR in the MDA analysis. Therefore, only relative values of EWSR are given. In the shape of this spectrum, the isoscalar L ¼ 0 excitation has a large contribution in the [17 to 29 MeV] region, and a soft one around 14 MeV.
In MDA the mean energy is given by m 1 =m 0 , so the low-energy isoscalar monopole mode is located at 14.3 MeV, compared to 12.9 AE 1.0 MeV in Lorentzian method analysis, and the whole ISGMR at 23.4 MeV, compared to 21.1 AE 1.9 MeV in Lorentzian method analysis for the first part of the ISGMR. Considering the error bars on this previous result in Lorentzian method analysis, and the fact that the binning of 2 MeV used in MDA can influence the value of m 1 =m 0 , both the Lorentzian method and MDA results are compatible for the centroid energies of the different modes. Around 21 MeV, the monopole components dominate, and around 14 MeV the strength is shared between L ¼ 0 and L ¼ 1 contributions, this point will be detailed in a future paper. According to the monopole strength distribution of Fig. 4 , the width, of the lowenergy monopole mode is 0.7 MeV and the width of the main ISGMR peak is 6.5 MeV after deconvolution of resolution. The positions of the monopole modes are in good agreement with the predictions of relativistic and nonrelativistic RPA calculations [14] . These calculations indicate that the GMR is a pure isoscalar mode while the soft monopole mode is a pure neutron excitation. Similar conclusions can be drawn from examination of the transition densities used for the present data analysis: as displayed in Fig. 5 , transition densities for protons and neutrons are in phase for the GMR [ Fig. 5(a) ], indicating an isoscalar mode, whereas only the neutron transition density is non-negligible for the soft monopole mode [ Fig. 5(b) ], indicating a neutron excitation.
In summary, the isoscalar monopole response has been measured in inverse kinematics in the nucleus 68 Ni with an intensity of 4 × 10 4 pps and using the active target MAYA. This is the first measurement of the monopole strength in a short-lived neutron-rich nucleus using inelastic alpha scattering. The ISGMR was found to be fragmented with a centroid at 21.1 MeV and indications for a new type of excitation located around 13-14 MeV, the neutrondominated soft monopole mode, has been obtained. The present experimental method can be applied to a large domain of unstable and exotic nuclei that are already, or will be soon, available at rare isotope beam facilities worldwide. A next generation of active targets will provide access to smaller angle measurements and better energy and angular resolution. This shall permit studies of, for example, the fine structure of the soft monopole mode in order to provide quantitative information on the spin-orbit splitting. Measurements on heavier nuclei such as 132 Sn would also complement existing ISGMR systematics already established for stable Sn isotopes. . The absolute value of the exhausted fraction of the EWSR is in arbitrary units, due to the uncertainty on normalization, the fragmentation of the strength and the emergence of soft monopole modes: the MDA is more model dependent than in the case of a well energy-localized single ISGMR, as in stable nuclei.
